Colloidal metal oxide nanocrystals offer a unique combination of excellent low-temperature solution processability, rich and tuneable optoelectronic properties and intrinsic stability, which makes them an ideal class of materials as charge transporting layers in solution-processed light-emitting diodes and solar cells. Developing new material chemistry and custom-tailoring processing and properties of charge transporting layers based on oxide nanocrystals hold the key to boosting the efficiency and lifetime of all-solution-processed light-emitting diodes and solar cells, and thereby realizing an unprecedented generation of high-performance, low-cost, large-area and flexible optoelectronic devices. This review aims to bridge two research fields, chemistry of colloidal oxide nanocrystals and interfacial engineering of optoelectronic devices, focusing on the relationship between chemistry of colloidal oxide nanocrystals, processing and properties of charge transporting layers and device performance. Synthetic chemistry of colloidal oxide nanocrystals, ligand chemistry that may be applied to colloidal oxide nanocrystals and chemistry associated with post-deposition treatments are discussed to highlight the ability of optimizing processing and optoelectronic properties of charge transporting layers. Selected examples of solution-processed solar cells and light-emitting diodes with oxide-nanocrystal charge transporting layers are examined. The emphasis is placed on the correlation between the properties of oxide-nanocrystal charge transporting layers and device performance. Finally, three major challenges that need to be addressed in the future are outlined. We anticipate that this review will spur new material design and simulate new chemistry for colloidal oxide nanocrystals, leading to charge transporting layers and solution-processed optoelectronic devices beyond the state-of-the-art.
Introduction
The exciting discoveries and tremendous progress of material chemistry create families of solution-processed semiconductors, including conjugated polymers, 1,2 colloidal quantum dots (QDs) [3] [4] [5] and organic-inorganic hybrid lead-halide hybrid perovskites. 6, 7 These materials with intriguing optoelectronic properties can be processed as thin films by high-throughput and vacuum-free printing and coating techniques, such as inkjet-printing, roll-toroll printing and blade-coating. [8] [9] [10] [11] [12] [13] [14] [15] [16] Many printing and coating procedures can be completed at low temperatures. Therefore, they are compatible with flexible and light-weight plastic substrates. These merits promise an unprecedented generation of low-cost, large-area and flexible light-emitting diodes (LEDs) and solar cells processed by solution-based techniques.
High-performance LEDs and solar cells are no doubt the results of extraordinary cooperation of multiple functional components. For the state-of-the-art solution-processed LEDs or solar cells, charge transporting layers (CTLs), i.e. electron transporting layers (ETLs) and hole transporting layers (HTLs), are essential components (Fig. 1 ). CTLs affect not only charge injection (or extraction) into (or out of) the active layers, but also many other elementary physical processes for device operation, such as interfacial charge recombination and light extraction (or light absorption) in LEDs (or solar cells). The integration of CTLs with desirable properties is critical in terms of improving device performance.
For large-scale production of solution-processed optoelectronics, ideally, not only the active layers but also all the other components should be able to be deposited by solution-based techniques. In this regard, various solution-processed materials have been explored as CTLs. Among them, colloidal metal oxide nanocrystals have attracted great interest. [17] [18] [19] [20] [21] [22] [23] [24] The best example is ETLs based on colloidal ZnO nanocrystals, which have been employed in several best-performing proto-type devices, including the quantum-dot LEDs (QLEDs) developed by our group, 18 the quantum-dot solar cells (QDSCs) developed by the Sargent group 22 and the perovskite LEDs developed by the Wang and Huang group. 23 Many other reports showed that colloidal oxide nanocrystals with high work function, e.g. NiO nanocrystals, 24, 25 can be used to fabricate high-quality HTLs for LEDs and solar cells. Furthermore, colloidal oxide nanocrystals are fully compatible with large-scale industrial production. For example, Krebs and co-workers prepared polymer solar cell modules in which ZnO nanocrystals were deposited as ETLs by a modified slot-die coating procedure. 26, 27 These facts highlight a promising future of integrating colloidal oxide nanocrystals as CTLs in solutionprocessed LEDs and solar cells to achieve high-performance, low-cost and large-area devices.
This review article aims to provide illustrative accounts on the current status of CTLs based on oxide nanocrystals. The progress of utilizing colloidal oxide nanocrystals as CTLs for solution-processed LEDs and solar cells is based on the developments of two important research fields, synthetic chemistry of colloidal oxide nanocrystals and interfacial engineering of optoelectronic devices. There are already good review articles dedicated to either the synthetic chemistry of colloidal oxide nanocrystals [28] [29] [30] [31] [32] or interfacial engineering of solution-processed optoelectronics. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] Nevertheless, on the basis of our practices in the past several years, we believe that there is a gap between the community of chemists synthesizing oxide nanocrystals and the community of researchers working on solution-processed optoelectronics. We would like to provide an in-depth review which correlates chemistry of colloidal oxide nanocrystals, processing and optoelectronic properties of CTLs, and device performance of solution-processed solar cells and LEDs. A personal selection of examples is presented to systematize the knowledge bridging the two fields, chemistry of colloidal oxide nanocrystals and interfacial engineering of solution-processed LEDs and solar cells. 
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Yizheng Jin
We will begin with a summary of the general requirements that should be fulfilled by CTLs and point out the unique advantages of colloidal oxide nanocrystals as CTLs. Next, a brief overview of chemistry of colloidal oxide nanocrystals will be presented. Synthetic chemistry of colloidal oxide nanocrystals, ligand chemistry that may be applicable to colloidal oxide nanocrystals and chemistry associated with post-deposition treatments will be covered. The applications of colloidal oxide nanocrystals as CTLs in solar cells and LEDs will be summarized in the subsequent two chapters. Emphasis will be placed on the correlation between the properties of oxide-nanocrystal CTLs and device performance. The last chapter of this review will list three major directions that we believe are critical for future development of oxide-nanocrystal CTLs.
General requirements for solution-processed CTLs
An essential requirement for solution-processed CTLs used in optoelectronics is that they should be able to be integrated into devices by solution-based methods. Formulation of inks with sufficiently high concentration and good stability is indispensable to fabricate continuous and pinhole-free CTL films with controllable thickness. For all-solution processed devices, multiple layers, including the ETLs and HTLs, shall be processed from solutions. This often involves the use of orthogonal solvent systems for the deposition of different materials to avoid dissolution of underlying layers. Moreover, processing of top CTLs should exclude high-temperature annealing which may damage the active layers or other components in the devices. Low processing temperatures, i.e. o150 1C, are highly desirable so that the processing procedures are compatible with flexible substrates.
CTLs should be of good stability. First and foremost, CTLs themselves must be sufficiently stable within the lifetime of devices. Second, all interfaces involving CTLs, e.g. the interfaces of active layer/ETL, active layer/HTL, cathode/ETL and anode/ HTL, should be stable and the contact properties should not deteriorate under long-time operational conditions. Third, in device operation, the active layers are in the excited states, which are generally sensitive to oxygen or moisture. The environmental stability of devices can be greatly improved if CTLs act as barriers for oxygen and moisture diffusion.
The chemistry of CTLs should be versatile and robust to allow systematic and purposeful engineering of their optoelectronic properties. Here we use QLEDs and bulk-heterojunction (BHJ) organic solar cells as examples to show that the optoelectronic properties of CTLs, i.e. work function, band structure, conductivity, intragap states, optical properties, etc., impact almost all the elementary processes of device operation.
As shown in Fig. 2 , elementary processes for QLED operation involve (1) charge injection from electrodes into CTLs, (2) charge transport in the CTLs, (3) charge injection from the CTLs into QD layers, (4) formation of excitons in the QDs, (5) radiative decay of the excitons to generate photons, and (6) photon emission out of the devices. The energy-level alignment at the interfaces of electrode/CTLs and QD/CTLs determines the charge injection efficiency. Efficient charge injection into the QDs relies on high conductivity of CTLs and negligible energy barriers at the interfaces to minimize potential-drops. Efficient exciton formation demands both balanced charge injection and effective charge confinement within the QD layer. Charge selective CTLs with good blocking properties are beneficial to realize effective charge confinement. Balanced charge injection requires modulation of both electron injection and hole injection so that injection rates of the two types of carriers can match each other. In general, the ionization potential of many QD emitters is much higher than that of most organic semiconductors. Thus, conventional organic HTLs developed for organic emitters cannot achieve efficient hole injection in QLEDs. Excess injection of one type of charge causes many problems, such as a decrease of the fraction of injected charges that form excitons, charging of QDs which generates less efficient trion emission, 44, 45 and deterioration of device lifetime. 18 Interactions between CTLs and excitons formed in QDs often cannot be neglected. This is because the QD films are typically 2-4 monolayers in thickness. Charge recombination zones may locate at regions close to CTLs. CTL-induced quenching can be an important non-radiative decay channel. [46] [47] [48] The intragap states of CTLs may act as non-radiative interfacial recombination centers. 46 The last elementary step, i.e. escape of the photons out of the devices, largely depends on the optical properties and thickness of the CTLs. Extinction coefficients of the CTLs affect the energy loss of light. Refractive index and thickness of the CTLs are major parameters that modify microcavity effects and energy loss caused by surface plasmon polaritons at the metal electrodes. Based on the above analyses, we conclude that the optoelectronic properties of CTLs impact all the elementary physical processes in QLED operation.
Similarly, the optoelectronic properties of CTLs may influence all the elementary processes of BHJ organic solar cells, in which the active layers consist of blends of electron donors and electron acceptors ( Fig. 3 ). Elementary physical processes in BHJ organic solar cells involve (1) light absorption to generate excitons, (2) exciton diffusion and dissociation at acceptor-donor interfaces to generate charges, (3) charge transport to the corresponding interfaces of active layer/CTLs and (4) charge extraction to external circuit. Optical properties and thickness of the CTLs can influence distribution of the optical field within a device and energy dissipation in the active layer and thereby affect light absorption. 49 Two important aspects, built-in electric field and morphologies of the BHJ blends, govern the processes of exciton dissociation and charge transport in the active layer. 50 Built-in electric field is largely determined by the work function of the CTLs. 51 Surfacewetting properties of the bottom CTLs may impact film-formation processes of the active layers and hence influence the morphologies of the BHJ blends. At the interfaces of active layer/CTLs, interfacial energy-level alignment and interfacial recombination can tune charge extraction efficiency. And finally, conductivity of the CTLs greatly influences series resistance of the solar cells.
The above analyses suggest that it is crucial to custom-tailor the optoelectronic properties of CTLs to match the active-layer materials and electrodes. Therefore, the chemistry of CTLs should be sufficiently robust to enable on-demand engineering of the material processing and optoelectronic properties.
Colloidal oxide nanocrystals and their unique advantages as solution-processed CTLs
Metal oxides are a diverse class of materials which possess very rich optoelectronic properties. 52 Among them, several widebandgap semiconductor oxides, including ZnO, TiO 2 , SnO 2 , NiO, MoO x , WO x and VO x , have been investigated as CTLs for solution processed LEDs or solar cells. 18, 37, [53] [54] [55] [56] [57] They can be classified into three types of materials. ZnO, TiO 2 and SnO 2 are low work-function and n-type oxides, which offer electron transporting and hole blocking properties and thereby can be applied as ETLs. As a p-type wide-bandgap semiconductor with high work function, NiO offers hole transporting and electron blocking properties. MoO x , WO x and VO x are n-type oxides with very deep conduction-band-minimum (CBM) energy levels and high work function. They are another class of widely used HTL materials. But these oxides cannot offer electron blocking properties. 58 One way to fabricate solution-processed oxide CTLs is to employ colloidal oxide nanocrystals, which are nanometer-sized fragments of the corresponding bulk oxide crystals with surface atoms coordinated by ligands. 4 Surface ligands offer colloidal stability for oxide nanocrystals, enabling them to be processed from solutions to form solid-state films.
An alternative way to fabricate solution-processed oxide CTLs is the so-called precursor approach. In this approach, soluble metal precursors are deposited onto substrates, followed by in situ reactions, such as sol-gel hydrolysis [59] [60] [61] or combustion reactions, 62 to convert the precursors to oxide films. The precursor approach has also achieved considerable success in the fabrication of oxide films as bottom CTLs for solution-processed optoelectronics. 53, 55, 60, 61, 63 We argue that the nanocrystal approach may offer more freedom than the precursor approach in terms of development of chemistry for solution-processed oxide CTLs and design of the device architecture. A major difference is that the nanocrystal approach decouples crystallization of oxide materials from film-deposition processes, while for the precursor approach, the in situ reactions to generate oxides and film-formation processes occur almost simultaneously. In principle, the nanocrystal approach has no restrictions on the syntheses of oxide materials. Harsh reaction conditions, e.g. high pressure and high temperature used in the hydrothermal reactions, can be applied to the growth of oxide nanocrystals. Many purification methods, such as extraction or re-crystallization, can be utilized to improve the purity of products. Solubility of oxide nanocrystals can be modulated by ligand-exchange methods. 64, 65 Furthermore, deposition of oxide-nanocrystal CTLs can be processed at room temperature. 18, 24 In contrast, the precursor approach requires sufficiently high temperature to initiate the in situ reactions. Meanwhile, the in situ reactions inevitably yield by-products, such as H 2 O. The chemical design of the precursor approach requires the by-products to be volatile so that they can be excluded from the devices. The high temperature and the by-products may cause unwanted side-reactions to other component materials in the devices. These characteristics limit the applications of the precursor approach. As a result, in most solution-processed devices, the precursor approach cannot be applied to fabricate top CTLs. For oxides that require temperatures much higher than 150 1C to convert the precursors to oxides, such as NiO, 66, 67 the precursor approach is not compatible with majority of the flexible plastic substrates. Oxide-nanocrystal CTLs possess distinct electronic and transport properties determined by both the oxide crystals and the surface ligands. From a physics point of view, conduction in oxide-nanocrystal films can be described as hopping of charge carriers between localized electronic states of individual nanocrystals separated by surface ligands. The sizes of ligands or surface-binding motifs determine the shortest possible distances for intra-particle charge hopping. The electronic properties of individual nanocrystals can be influenced by the following factors. Similar to bulk oxide semiconductors, defect chemistry and bandgap engineering such as control over stoichiometry and vacancy and substitutional doping, either isovalent doping or aliovalent doping, can be used to tailor the electronic structure of the oxide crystals. When the sizes of nanocrystals are sufficiently small (comparable to the exciton Bohr radius of the bulk material), quantum confinement effects may take place. Furthermore, surface states induced by chemical bonding between surface atoms and coordinating ligands, vacancies, dangling bonds or adsorbed/weakly bound motifs are extremely important because of the large surface-to-volume ratio. For example, Wang et al. demonstrated that charge transport in the ZnO-nanocrystal films is mainly through the surface states by a Mott variable-range hopping process, rather than through the conduction band of the nanocrystals. 68 Considerable progress has been made in the field of synthetic chemistry of colloidal oxide nanocrystals (see Section 4.1), allowing us to manipulate the electronic properties of individual nanocrystals via controlling their composition, size, structure and shape. Despite the excellent colloidal stability and solution processability offered by surface ligands (see Section 4.2), knowledge of ligand chemistry of colloidal oxide nanocrystals is surprisingly scarce. The binding of ligands onto oxide nanocrystals is not fully understood, causing tremendous difficulties in investigating the correlation between surface structures and electronic states. Quantitative information, e.g. density and distribution of intragap states and how the energetic disorder of intragap states affects transport properties of the oxide-nanocrystal CTLs, is missing. We highlight that the surfaces of oxide nanocrystals without strong ligand passivation are highly chemically or photo-chemically reactive. Therefore, conduction of the as-prepared oxide-nanocrystal films can be very sensitive to UV irradiation or chemicals in the environments, such as H 2 O and O 2 . These issues may cause complications for the rational design, processing and applications of oxide-nanocrystal CTLs.
In short, the chemistry of colloidal oxide nanocrystals has advanced substantially in the past few decades, offering excellent low-temperature solution processability which can be tuned by surface chemistry and rich optoelectronic properties which are readily optimized by synthetic chemistry, ligand chemistry and post-deposition chemistry (see Section 4). These two merits, together with the intrinsic stability of oxide materials, which results in enhancement of device lifetime (see Sections 5 and 6), make colloidal oxide nanocrystals a unique class of materials attractive as CTLs for solution-processed LEDs and solar cells.
Chemistry related to colloidal metal oxide nanocrystals for CTL applications

Synthetic chemistry of colloidal oxide nanocrystals
Synthetic chemistry of colloidal oxide nanocrystals allows us to manipulate composition, size, structure and shape of individual nanocrystals, thereby controlling the optoelectronic properties of CTL films, which are assemblies of individual nanocrystals.
Synthetic chemistry of oxide nanocrystals stemmed from the traditional aqueous sol-gel approach, which was used to obtain their bulk counterparts. The traditional aqueous sol-gel approach, however, suffered from high reaction rates, which made it difficult to control the hydrolysis and aggregation processes. 30 In most cases, the traditional aqueous sol-gel approach required an additional high-temperature annealing procedure to induce crystallization. A non-aqueous sol-gel approach was developed to overcome these problems. 29, 30, 69 In the past two decades, the non-aqueous sol-gel approach has achieved great success. As shown in Scheme 1, reactions based on various molecular mechanisms, including hydrolysis, 24, [70] [71] [72] [73] alcoholysis, 25,74-81 aminolysis, 78, [82] [83] [84] [85] [86] [87] [88] and halide elimination, 89, 90 were employed to synthesize colloidal oxide nanocrystals. Depending on the reaction pathways, metal precursors and activation reagents with different reactivity and reaction parameters (such as temperature, time and solvent) were carefully selected to control the reaction kinetics and crystallization processes. We list part of the reactions associated with the formation of oxide nanocrystals for CTL applications in Table 1 and discuss a few important examples in the following sections.
Colloidal ZnO nanocrystals can be synthesized by hydrolysis/ condensation reactions conducted under basic conditions. For example, ZnO nanodots were synthesized at room temperature by adding tetramethylammonium hydroxide (TMAH) dissolved in ethanol into a dimethyl sulphoxide (DMSO) solution of zinc acetate (Zn(Ac) 2 ). 72 Similarly, Weller and co-workers demonstrated the synthesis of ZnO nanoparticles at 60 1C by slowly adding KOH into a methanol solution of Zn(Ac) 2 . 70 An increase in the reaction time led to self-assembly of the ZnO nanodots, which generated nanorods ( Fig. 4A and B ). 70 Sun et al. demonstrated that the molar ratio of zinc precursor to KOH played an important role in determining the stoichiometry of the colloidal ZnO nanostructures and hence affected the conductivity and mobility of oxide films prepared from them. 91 Colloidal ZnO nanocrystals can also be synthesized via alcoholysis or aminolysis. In 2005, Peng and co-workers showed that an ester-formation reaction of zinc stearate and an excess amount of alcohol in 1-octadecene (ODE) at elevated temperatures, i.e. 4250 1C, generated ZnO nanocrystals with nearly unity yield ( Fig. 4C -E). 75 The Niederberger group exploited an aminolysis route to synthesize ZnO nanocrystals. 86 They revealed a reaction mechanism using metal acetylacetonate as one precursor and benzylamine as both an activation agent and a coordination solvent. The alcoholysis and aminolysis can be extended to the syntheses of other oxide nanocrystals. For example, Murray and co-workers synthesized TiO 2 nanocrystals with different shapes by alcoholysis or aminolysis reactions of halotitanium carboxylate complexes. 83 Halide elimination reaction was first applied to the synthesis of colloidal TiO 2 nanocrystals by Colvin et al. in 1999. 90 The reaction of titanium halide and titanium alkoxide in the presence of trioctylphosphine oxide (TOPO), which functioned as a stabilizer to ensure good dispersion of the resulting nanocrystals in nonpolar solvents, led to TiO 2 nanocrystals with pure anatase phase. This reaction was further extended to realize shape control of TiO 2 nanocrystals by Alivisatos and co-workers. 89 They found that TiO 2 nanocrystals with shapes ranging from bullet, rod to branched-rod could be obtained by adjusting the amounts of lauric acid and TOPO in the reaction mixture.
Hydrothermal or solvothermal synthesis provides an additional dimension to modulate reactivity of precursors and crystallization of oxides. Niederberger and co-workers conducted a series of reactions between metal halides (or metal acetylacetonates) and benzyl alcohol (or benzylamines, ketones, acetonitrile), which resulted in many colloidal oxide nanocrystals, including TiO 2 , ZnO, In 2 O 3 , and WO x . 69, 74, 86, [92] [93] [94] [95] [96] [97] [98] Wang et al. have successfully exploited a hydrothermal method to synthesize highly crystalline SnO 2 nanocrystals. 73 Further manipulation of the reaction conditions can provide shape-controlled oxide nanocrystals, such as colloidal TiO 2 nanosheets and rhombic TiO 2 nanocrystals with exposed high-energy facets. 77 Identifying molecular pathways and quantifying chemical kinetics can provide valuable information to understand the chemical reactions associated with the formation of oxide nanocrystals. This can be done by tracing the organic by-products. For example, by-products of alcoholysis and hydrolysis reactions of metal carboxylates are ester and acid, respectively, which show distinctly different absorption features in the Fourier transform infrared spectroscopy (FTIR). 99, 100 We carried out a series of temperature-dependent FTIR measurements on a variety of metal carboxylates. 100, 101 The results inspired us to control reaction pathways by modifying experimental procedures and selecting metal precursors with adequate reactivity. Furthermore, we developed an experimental method based on FTIR to measure the initial reaction rates of the alcoholysis reactions of metal carboxylates ( Fig. 5 ). 102 This method allowed us to quantitatively compare reactivity of different metal precursors under given reaction conditions and obtain important kinetic parameters, such as activation energy. In another report, Niederberger and co-workers investigated the molecular mechanism and crystallization of ZnO nanocrystals synthesized by the benzyl alcohol route. 79 They used gas chromatography to quantify the organic by-products and concluded that the rate-limiting step for the formation of ZnO nanocrystals was the generation of the monomer species.
Mechanistic understanding at the molecular level is beneficial for rational design of synthetic chemistry of colloidal oxide nanocrystals. For example, we identified that the synthesis of pure colloidal NiO nanocrystals by alcoholysis of metal carboxylates was plagued by an unwanted side reaction, in situ reduction of NiO nanocrystals by alcohol at elevated temperatures. 25 In this regard, we introduced lithium stearate, an ionic molecule which is stable in the reaction system and capable of binding onto the surface of NiO nanocrystals to suppress their reactivity. This ligand-protection strategy ( Fig. 6 ) prevented the reduction reactions, leading to pure and high-quality NiO nanocrystals with a high yield.
Knowledge of molecular mechanisms and reaction kinetics is critical for controlled doping of oxide nanocrystals. Introduction of specific dopants is a general approach to modify the properties of nanocrystals in well-controlled ways. Isovalent doping, i.e. alloying, can modulate the bandgap energy of nanocrystals. 72, 99 Our group demonstrated the syntheses of Mg-doped ZnO nanocrystals and Cd-doped ZnO nanocrystals with tuneable optical bandgaps ranging from 3.3 to 3.9 eV ( Fig. 7A ). 99, 101 We discovered interesting dopant induced shape evolution for these doped oxide nanocrystals, which was later observed in many other doped colloidal nanocrystal systems. [103] [104] [105] Aliovalent doping can generate additional free carriers in oxide nanocrystals, 100, [106] [107] [108] [109] [110] [111] [112] [113] which may lead to enhanced conductivity and modified work function of the films processed from the doped oxide nanocrystals ( Fig. 7B and C) . Typical examples are ZnO nanocrystals doped with group III elements of Al 3+ , Ga 3+ or In 3+ , [106] [107] [108] [109] [110] [111] [112] and TiO 2 nanocrystals doped with Nb 5+ . 114, 115 At the molecular level, successful doping of oxide nanocrystals is likely to be a result of in situ incorporation of the dopant ions during the growth of the host oxide nanocrystals. A key issue linking chemical reactions and crystallization processes of doped oxide nanocrystals is that adequate host crystal growth and dopant incorporation rates rely on balanced host-dopant precursor reactivity. 116 Milliron and co-workers found that for the synthesis of Al-doped ZnO nanocrystals, successful doping was achieved when zinc stearate and aluminium acetylacetonate were selected as precursors. 106 No doping was observed when the dopant precursor was replaced by the less reactive aluminium stearate. Our group employed the synthesis of Mg-doped ZnO nanocrystals as a model system to quantitatively study the correlation between chemical kinetics of the precursor conversion reactions and formation of doped nanocrystals under synthetic conditions. 102 The results showed that three independent factors, molar ratio of the dopant precursor, reaction temperature and coordination ligands of cationic precursors, influenced the relative reactivity of magnesium to zinc precursor and thereby the syntheses of Mg-doped ZnO nanocrystals with different shapes and properties.
Balancing the reactivity of the dopant to host precursors can be a decisive factor which ensures successful incorporation of dopants into host lattices, avoiding unwanted phase segregation of host-oxide crystals or dopant-oxide crystals.
Ligand chemistry related to colloidal oxide nanocrystals
Surface ligands provide essential colloidal stability and processability for oxide nanocrystals. Surface ligands play multiple roles in influencing the optoelectronic properties of CTLs based on oxide nanocrystals. The bonding of surface ligands passivates dangling bonds, which modulates the intragap states of the oxide materials. In most cases, the sizes of ligand molecules determine the shortest charge hopping distances and therefore affect charge transport processes in assemblies of oxide nanocrystals. Furthermore, ligand-induced surface dipoles can shift the absolute energy levels of nanocrystal films. 117 The importance of surface ligands can hardly be overemphasized. Nevertheless, a quantitative description of binding of ligands onto oxide-nanocrystal surfaces is still lacking. This situation causes tremendous difficulties in investigating the correlation between surface structures and surface electronic states. We shall present some recent progress of ligand chemistry in the nanocrystal field, which is not limited to the oxide nanocrystal field. We believe that understanding from these examples may shed light on the rational design of ligand chemistry of oxide nanocrystals for CTL applications.
The covalent bond classification (CBC), an established concept in coordination chemistry, provides a general framework to describe the binding of surface ligands and to rationalize ligand exchange and displacement reactions ( Fig. 8A-C) . [118] [119] [120] The CBC treats bonding as a 2-center-2-electron interaction. Ligands can be classified as L-X-, or Z-type, depending on the number of electrons contributed to the bonding orbitals from the neutral ligands (2, 1, or 0, respectively). L-type ligands, such as R-NH 2 and P-R 3 , are neutral donors that are datively bound to surface metal atoms. Z-type ligands, such as carboxylate salts, are neutral accepters that are datively bound to surface non-metal atoms. X-type ligands are bound to either metal or non-metal atoms, depending on their affinity. 119 Owen and co-workers used FTIR and nuclear magnetic resonance (NMR) to study ligand exchange and ligand displacement reactions of metal-chalcogenide nanocrystals, e.g. CdSe, CdS and PbS nanocrystals. 120 They demonstrated that the surface reactions between Z-type ligands and L-type ligands could be well-justified within the framework of CBC (see Fig. 8C for details). The Hens group employed HfO 2 nanocrystals as a model system for oxide nanocrystals and carried out a series of investigations on the surface bonding and ligandexchange reactions. [121] [122] [123] Their results showed that the assynthesized HfO 2 nanocrystals, which were charge-stabilized by protons with chloride as counter ions, were transferred to nonpolar solvents by using a mixture of carboxylic acids and amines.
The key finding was that, in contrast to CdSe nanocrystals, the surface of oxide nanocrystals absorbed protons. Both the carboxylate, an anionic X-type ligand, and the proton, a cationic X-type ligand, bound to the surface of HfO 2 nanocrystals, which was denoted as X 2 -type binding. They further demonstrated reversible and chemical-driven ligand displacement reactions between the surface-bound carboxylic acid and amines or alcohols in solution (see Fig. 8D ). Ligand exchange using X-type ligands, such as silanes and phosphonates, was also reported. [124] [125] [126] We expect that these findings can be applied to understand the surface bonding features and surface chemical reactions of oxide nanocrystals for CTL applications.
Another critical issue is that surface ligands need to fulfil demands from the aspects of both solution processability and charge transport. In conventional models, steric separation between nanocrystals by surface ligands improves the colloidal stability of the nanocrystal solutions. Therefore, ligands with long hydrocarbon chains, e.g. oleic acid or oleyl amine, were used in many non-aqueous sol-gel syntheses. However, these insulting ligands, acting as energy barriers for charge transport, are not suitable for CTL applications.
In the nanocrystal field, a number of ligand-exchange strategies have been proposed, including ligand exchange with smaller molecules, thermal-degradable ligands or metalchalcogenide complexes (MCCs), to solve this problem. 65, [127] [128] [129] [130] Nevertheless, these existing ligand-exchange strategies may be of limited value for oxide nanocrystals towards CTL applications. Short ligands may cause poor stability of colloidal solutions. Thermal-degradable ligands, which are produced by sophisticated molecular design and synthetic procedures, need additional thermal annealing to initiate decomposition reactions and generate gaseous by-products. 129, 130 Therefore these thermaldegradable ligands cannot be applied to the fabrication of top CTLs. The MCC ligands have achieved success in fabricating highly conductive films based on metal nanocrystals and highmobility films based on semiconductor nanocrystals. 127, 131 Nevertheless, the MCC ligand-capped nanocrystals are stable only in polar solvents with a very high dielectric constant like dimethylformamide. Such solvents have considerable drawbacks, such as toxicity and high boiling point. In addition, the use of MCC ligands for oxide nanocrystals shall generate thin films of oxide-metal chalcogenide complexes, which may create high density of electronic states within the bandgap of the oxides.
In 2016, the Peng group introduced the concept of ''entropic ligands''. They used CdSe nanocrystals coated with stearate ligands as a model system and discovered strong size-and temperature-dependent solubility of CdSe nanocrystals in organic solvents. 132, 133 The experimental results can be quantitatively explained by a thermodynamic model based on the precipitation/dissolution phase transition (see Fig. 9A ). By making reasonable approximations, the molar faction of the nanocrystal-ligand complexes, w, can be expressed by a simple equation,
where D m H NC is the partial molar mixing entropy of the nanocrystal-ligand complexes dissolving in a liquid and D m S NC is the molar conformational entropy, which accounts for the melting entropy of the complex solid. The analyses revealed that the conformational entropy of the n-alkanoate chain released in solution, i.e. the rotational and bending entropy related to the C-C sigma-bonds, exponentially increases the solubility of the nanocrystal-ligand complexes while the strong chain-chain interactions between adjacent particles in solids decrease the solubility. This finding inspired the authors to introduce 'entropic ligands' with irregularly branched alkyl chains, which maximize intramolecular entropy and minimize enthalpy for destructing the crystalline chain-chain interactions (Fig. 9B ). The use of entropic ligands boosted the solubility of CdSe nanocrystals to several hundreds of mg mL À1 , which was increased by B10 3 to 10 5 compared to that of the nanocrystals with n-alkanoate ligands. The concept of entropic ligands was proven to be effective for a number of other nanocrystals, including Fe 3 O 4 nanocrystals, and a variety of organic solvents ( Fig. 9C) . It is therefore possible to simultaneously improve processability of colloidal nanocrystals in solution and charge transport of their corresponding films ( Fig. 9D ). For example, electrical measurements on the electron-only devices showed that the conductivity of films based on CdSe nanocrystals coated with 2-ethyl-hecanethialate ligands increased by B10 3 in comparison with that of films based on CdSe nanocrystals coated with octadecanethiolate ligands. We fabricated QLEDs using CdSe/CdS core/shell QDs with different ligands. The results showed that the use of 2-ethyl-hecanethialate as surface ligands improved the external power efficiency (EPE) of the QLEDs by B30% due to the improved charge transport of the QD films. These exciting results suggested that the concept of entropic ligands should be an important guideline for future design of surface ligands of colloidal oxide nanocrystals.
Chemistry of post-deposition treatments of oxidenanocrystal films
The properties of oxide-nanocrystal films, including conductivity, work function, intragap states, and surface-wetting properties, can also be modified by post-deposition treatments, partially attributed to the chemically active large surface areas of the oxide nanocrystals. We briefly discuss the chemistry of several widely used post-deposition treatments. More details of postdeposition treatments related to a specific device will be covered in Sections 5 and 6. We note that most post-deposition treatments can only be applied to bottom CTLs, but not top CTLs since post-deposition treatments may deteriorate the properties of other materials in the devices as well.
Thermal annealing at elevated temperature can efficiently remove residual solvent molecules. Ligands with relatively weak binding affinity to the oxide surfaces may be dissociated from surfaces, causing sintering or necking of the oxide nanocrystals. 100 Depending on the annealing temperature and atmosphere, different chemical reactions may take place and cause significant changes in the film properties. 24 Surface ligands may react with water if the oxide-nanocrystal films were annealed under ambient conditions, which may modify the intragap states. 134 Annealing oxide-nanocrystal films in a reductive (or oxidative) atmosphere can increase (or decrease) the density of oxygen vacancy, leading to significant changes in electronic properties. For example, it was shown that the electron mobility and sheet resistance of ZnO-nanocrystal films could be tuned by over three orders of magnitude via controlling the annealing conditions from an oxidative atmosphere to a reductive one. 135 UV-ozone treatment and oxygen-plasma treatment are two violent methods to change the optoelectronic properties of oxide-nanocrystal films. We use UV-ozone treatment of NiOnanocrystal films as an example to illustrate the multiple reactions that may take place. 25 UV-ozone treatment can remove organic ligands due to the strong oxidation activity, leading to sintering or necking of oxide nanocrystals which increases the conductivity of the NiO-nanocrystal thin films. 25 It has been demonstrated that the UV-ozone treatment also changed the valence states and stoichiometry of surface ions. 136 X-ray photoelectron spectroscopy investigations further revealed that UV-ozone treatment created surface species of nickel oxyhydroxide (NiOOH). The dipolar species are responsible for the increase of work function from B4.8 eV to B5.1 eV after UV-ozone treatment. Similarly, Zhang et al. reported that the work function of NiO-nanocrystal thin films can be increased from B4.8 eV to B5.3 eV by O 2 -plasma treatment. 137 The interfacial properties of oxide-nanocrystal films can be modified by introducing additional molecules or layers, either by chemical covalent bonding or by physical adsorption. Polyethylenimine ethoxylated (PEIE) or branched polyethylenimine (PEI) are polymers containing simple aliphatic amine groups. Physisorption of an ultrathin layer of these polymers onto the surfaces of oxide-nanocrystal films induced interfacial dipoles, which reduced the work function of the oxide-nanocrystal films, as revealed by ultraviolet photoemission spectroscopy (UPS) and Kelvin probe measurements. 138 The modification of surface work function can also be realized by using covalently bonded self-assembled monolayers (SAMs). For example, the work function of ZnO films can be controlled by a SAM of molecules derived from benzoic acid derivatives with different dipole orientations. 139 The covalent bonding of additional molecules onto the surfaces of oxide nanocrystals can efficiently modulate the intragap states of the films. We developed a simple passivation method based on ethanedithiol (EDT) treatment for ZnO-nanocrystal films (Fig. 10 ). 19 The surface defects of the ZnO-nanocrystal films including surface groups, such as hydroxyl groups and carboxylate groups, and dangling bonds were removed by forming zinc ethanedithiolates, which introduced a new intragap band.
Recent developments of CTLs based on colloidal oxide nanocrystals for solution-processed LEDs
Solution-processed organic LEDs (OLEDs)
Electroluminescence from conjugated polymers was first demonstrated in 1990, using poly(p-phenylene vinylene) (PPV) as a single semiconductor layer sandwiched between metallic electrodes. 1 Since then, solution-processed OLEDs have experienced significant advances in the past B25 years. Intensive work on synthetic chemistry, together with new understanding on photo-physics, has now led to many solution-processed organic materials with good emissive properties, including polymers, dendrimers and small molecules. [140] [141] [142] [143] [144] Innovations on device architectures and the corresponding CTLs were made to optimize charge balance and achieve long operational lifetime.
In the early stages, poor electron injection was one of the limiting factors for solution-processed OLEDs due to the relatively high energy offset between the lowest-unoccupied-molecularorbital (LUMO) energy levels of organic emitters and the Fermi levels of electrodes. Metals with low work function, such as Ca or Ba, were used to facilitate electron injection into organic layers. However, these low-work-function metals and the interfaces of polymer/metal are unstable, resulting in poor device stability. Furthermore, the most widely used hole injection material, poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS), suffers from hygroscopicity and acidic nature. These facts inspired scientists to introduce solution-processed oxides as CTLs for organic LEDs. 141, 145 Here we focus on the applications of colloidal oxide nanocrystals as CTLs in solutionprocessed OLEDs.
Haque and co-workers introduced nanocrystalline TiO 2 thin films as ETLs for polymer LEDs in 2007. 146 Although the efficiency of this device was modest, the device performance was enhanced compared with the devices without TiO 2 ETLs. Qian et al. applied ZnO-nanocrystal ETLs in polymer LEDs with poly[2-methoxy-5-(2-ethylhexyloxy)-1,phenylene vinylene] (MEH-PPV) emitters. 147 Sessolo et al. employed ZnO nanocrystals as ETLs in flexible polymer LEDs on plastic substrates, leading to very bright poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) electroluminescence. 148 The turn-on voltages of the devices using ZnO-nanocrystal ETLs are lower than the corresponding energy gaps of the luminescent materials, indicating efficient electron injection. The Auger assisted energy up-conversion process occurring at the polymer/ZnO nanocrystal interface was invoked to explain this sub-bandgap turn-on phenomenon. 147 This mechanism is plausible. Sub-bandgap turn-on at room temperature was commonly observed for the vacuum-deposited high-efficiency inorganic LEDs with ohmic contacts. 149 The performance of solution-processed OLEDs can be optimized by tuning the properties of oxide-nanocrystal ETLs. Here we selected a few examples of LEDs using F8BT as an emissive material and ZnO nanocrystals as ETLs to highlight the importance of controlling the interface of emissive organics/oxide nanocrystals. 100, 150, 151 In general, an energy barrier for electron injection exists at the ZnO/F8BT interface. This electron injection barrier can be modulated by adjusting the work function of the ZnO ETLs. Our group synthesized indium-doped ZnO (IZO) nanocrystals with high density of free carriers. The indium doping accompanied by filling free electrons into the conduction band generated an up-shift of B0.3 eV in the Fermi level of the oxide ETLs (Fig. 11A ). 100 Scanning Kelvin probe microscopy (SKPM) results on the bilayers of F8BT/IZO nanocrystal thin films showed that the surface potential of the IZO-nanocrystal layer was more positive than that of the F8BT layer, while in the case of the F8BT/ZnO nanocrystal bilayer, the surface potential of the ZnO-nanocrystal layer was more negative than that of the F8BT layer ( Fig. 11B and C) . Therefore, the IZO-nanocrystal ETLs offered improved efficient injection properties. As a result, the PLEDs based on IZO ETLs exhibited much better performance, i.e. lower turn-on voltages, higher maximum luminance and higher efficiency, compared with the devices based on ZnO ETLs. The Kido group found that the electron injection efficiency at the ZnO/F8BT interface could be improved by using lithium quinolate complex (Liq) or CsCO 3doped ZnO nanocrystals. 150 The same group also investigated the performance of size-and shape-controlled ZnO nanoparticles as ETLs in OLEDs. 151 Introducing an interfacial dipole layer is another important strategy to lower the work function of the ZnO-nanocrystal ETLs. For example, indium-tin-oxide (ITO) free and all-solution-processed transparent OLEDs with PEI modified ZnO nanocrystal thin films as ETLs were reported by Zhang and co-workers. 152 Remarkably, the ZnO/PEI bilayer can tolerate many solvents used for the subsequent deposition of top layers, making it applicable as a charge generation layer in tandem structured OLEDs. Recently, solution-processed tandem OLEDs with the interconnecting layer comprised of PEI modified ZnO and WO 3 were realized by Höfle and co-workers. 153 Later, Kido and co-workers reported solution-processed phosphorescent tandem OLEDs with improved performance by combining ZnO nanocrystals/PEIE and PEDOT:PSS as an interconnecting conductive layer (Fig. 11D) . 151, 154 The resulting tandem-OLED exhibited impressive efficiencies, reaching 26% and 28% of external quantum efficiency (EQE) at 5000 cd m À2 for green and white OLEDs, respectively.
Apart from ZnO and TiO 2 , other n-type oxide nanocrystals have also been applied as ETLs in solution-processed OLEDs. For example, Lee et al. introduced SnO 2 nanoparticles as ETLs to fabricate phosphorescent OLEDs due to their low sensitivity to UV light. 155 Regarding oxide nanocrystals for HTL applications, our group used NiO nanocrystals synthesized by the protectingligand assisted strategy. 25 The processing temperature can be as low as 130 1C, allowing us to integrate NiO-nanocrystal HTLs into flexible LEDs using MEH-PPV as emitters. The performance of the devices with NiO-nanocrystal HTLs was comparable to that of the control devices with PEDOT:PSS HTLs. Choy and co-workers demonstrated the application of post-treatment-free NiO x nanoparticles as HTLs in OLEDs with poly[2-(4-(3 0 ,7 0dimethyloctyloxy)-phenyl)-p-phenylene-vinylene] (P-PPV) as an emission layer. 24 Meyer and co-workers showed that MoO 3 films processed from nanoparticle suspensions acted as efficient HTLs, with electronic properties comparable to that of the films deposited via vacuum thermal evaporation. 156 
QLEDs
Colloidal QDs are solution-processable inorganic semiconductor nanocrystals with unique size-dependent properties and inherent photo-physical stability. The narrow emission line-widths of QDs promise saturated color emission, making QLEDs extremely attractive for display applications. 157, 158 Remarkable progress has been made regarding the efficiency of QLEDs in the past few years (Fig. 12 ). 18, 21, 46, [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] Currently the maximum EQEs for red, green and blue QLEDs have reached 20.5%, 14.5% and 12.2%, respectively. 18, 21, 175 The red and green devices have exhibited long lifetimes of over 100 000 h and 90 000 h at an initial brightness of 100 cd m À2 , respectively. 18, 21 This encouraging progress is attributable to steady efforts devoted to both materials chemistry of QDs and CTL materials and development of new device structures.
During the past B20 years, the synthetic chemistry of colloidal QDs has advanced substantially, allowing superior control of their emission properties. 3, [176] [177] [178] [179] For example, for the most well developed system of CdSe/CdS core/shell dots, near-unity photoluminescence quantum yield and intrinsically mono-exponential decay were demonstrated. 177, 179 Photoluminescence blinking of a single colloidal QD switching between several bright states and dark state under optical excitation can now be suppressed down to B10 À5 per photon absorption. 179, 180 These developments provide a solid foundation for highperformance QLEDs.
The first QLED was reported by the Alivisatos group in 1994. 159 The device comprised a layer of organic PPV, a layer of CdSe QDs and two metal electrodes. In this simple device structure, the injected charges cannot be confined within QDs. Emissions from both QDs and PPV were observed. Later in 2002, the Bulović group invented a new device structure by sandwiching a QD emissive layer between two organic small-molecule CTLs to separate the luminescence process and the charge transport process. 162 The EQE of QLEDs based on this device structure can be optimized to B2.5%. 164 However, the turn-on voltage, maximum brightness and power efficiency of the QLEDs were limited by the moderate conductivity of organic CTLs. The poor environmental stability of organic CTLs resulted in short lifetime of the QLEDs. In order to solve these problems, the Bulović group started to explore the possibility of replacing organic CTLs with inorganic oxide CTLs. In 2006, Caruge et al. introduced p-type NiO as HTLs. 48 Later on, they demonstrated all-inorganic QLEDs by utilizing sputtered ZnO/SnO 2 complex films and NiO films as ETLs and HTLs, respectively. 181 The all-inorganic QLEDs were capable of highcurrent-density operation. However, the sputtering process of metal oxides caused permanent damage to the optical properties of QD films. As a result, the EQEs of these all-inorganic QLEDs were less than 0.1%.
In 2008, an interesting report by Janssen et al. demonstrated all-solution-processed multilayer QLEDs (except the top electrodes) using ZnO nanocrystals as ETLs and organic materials as HTLs. 182 The colloidal ZnO nanoparticles were dispersed in isopropanol. Therefore the deposition of the ZnO layers did not dissolve all the underlying layers, which was critical for the fabrication of top CTLs. Although the device efficiency was rather poor, the turn-on voltage of the device with the ZnO layer was much lower than that of the device without the ZnO layer. This result implied a minimal electron injection barrier between the ZnO-nanocrystal ETLs and the QDs. Qian et al. greatly improved the performance of QLEDs using this hybrid device structure by optimizing the material choice of HTLs and the thickness of each layer in the device. 171 Maximum luminance and EQE values of 4200 cd m À2 and 0.22%, 68 000 cd m À2 and 1.8%, and 31 000 cd m À2 and 1.7% for blue, green and orangered emission were achieved, respectively. In addition, these devices exhibited relatively good environmental stability, with lifetime at an initial brightness of 600 cd m À2 exceeding 250 h in low vacuum. These high-efficiency and bright devices indicated the great potential of this hybrid structure for QLEDs. From then on, ETLs based on colloidal ZnO nanocrystals were used in almost all high-efficiency QLEDs. 18, 21, 46, 175 Balanced charge injection is critical for the efficiency and lifetime of QLEDs. The use of ETLs based on colloidal ZnO nanocrystals significantly improved the electron injection efficiency. However, for most hybrid-structured QLEDs with CdSe or CdS emitters, hole injection is difficult because of the high ionization potential of the inorganic emitters. Furthermore, the electron mobility of ZnO ETLs can reach an order of 10 À3 cm 2 (V s) À1 , which is much higher than the hole mobility of typical organic HTLs. 18 Achieving balanced charge injection became the top priority for high-performance QLEDs. One approach to improve hole injection is by adapting vacuum-deposited HTLs which are relatively well-developed in the small-molecule OLED industry. 46, 172 In an inverted structure, ZnO nanocrystals were deposited onto ITO substrates as bottom ETLs. Kwak et al. compared a few small-molecule HTLs and concluded that HTLs with deeper highest-occupied-molecular-orbital (HOMO) levels were favourable for hole injection. 172 Kazlas and co-workers used doped small-molecule bilayers of 2,2 0 ,7,7 0 -tetrakis[Nnaphthalenyl(phenyl)-amino]-9,9-spirobifluorene (spiro-2NPB) and LG101 as HTLs to fabricate QLEDs. They showed that high-efficiency QLEDs with an EQE of 18% and a luminous power efficiency of 25 lm W À1 could be realized by controlling the distance of the recombination zone from the QD/ZnO nanocrystal interface. 46 Nevertheless, the efficiency roll-off characteristics and lifetime of this device were still unsatisfactory. Our group introduced a conceptually new device structure by inserting an insulating layer between the QD layer and the ZnO-nanocrystal ETL (Fig. 13A ). 18 We found that although bilayer-structured HTLs of poly(N,N 0 -bis(4-butylphenyl)-N,N 0 -bis(phenyl)-benzidine) (poly-TPD) and poly(9-vinlycarbazole) (PVK) could take advantage of the deep HOMO energy level of PVK and relatively high hole mobility of poly-TPD to realize better hole injection, electron injection into the QD layer was still in excess. The insertion of an insulating poly(methyl methacrylate) (PMMA) layer with a carefully engineered thickness blocked excess electron injection and improved charge balance in the device. Moreover, the PMMA layers preserved the superior emissive properties of QDs by modifying the interfacial interactions of QD/ZnO and maintaining the charge neutrality of the QD emitters. The champion device exhibited high EQEs of up to 20.5% and low efficiency roll-off ( Fig. 13B and C) . The operational lifetime of the PMMA-inserted devices reached more than 100 000 hours at an initial brightness of 100 cd m À2 , which is 1-2 orders longer than previous results (Fig. 13D ). The strategy of inserting an insulating layer between the QD layer and the oxide ETLs was adopted by many follow-up studies. 183, 184 For QLEDs based on alternative QD emitters with relatively low electron affinity, such as CuInS, CuInGaS or ZnCuInS QDs, the band structure of ZnO ETLs needs to be tailored to improve electron injection. Alloying provides an effective approach to tune the electronic structures and properties of ZnO nanocrystals. For example, Kim et al. fabricated QLEDs with CuInS, CuInGaS, or ZnCuInS QDs as emitters and Zn x Mg 1Àx O nanocrystals with varied doping concentrations as ETLs. 185 The efficiency and maximum brightness of the devices increased substantially when the ratio of Mg in the oxide-nanocrystal ETLs increased from 0 to 10%. The authors suggested that alloying with Mg ions led to a reduced electron injection barrier at the interface of QD/oxide and hence improved device performance.
The idea of using solution-processed oxide CTLs to construct all-inorganic QLEDs is tempting. Currently p-type oxides, such as NiO, or n-type oxides with high work functions, such as WO x and MoO 3 , are used to replace PEDOT:PSS, one component of the multi-layer polymeric HTLs. [186] [187] [188] [189] [190] However, the direct contact of QDs with these oxides causes severe quenching of the QD emission. More detailed studies are necessary to guide the control of interfacial interactions between the QDs and the oxide HTLs.
Perovskite LEDs
Organic-inorganic hybrid perovskites (Fig. 14A ), such as CH 3 NH 3 PbI 3 (MAPbI 3 ) and NH 2 CHQNH 2 PbI 3 (FAPbI 3 ), can be 
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processed from solutions at low temperatures to form crystalline direct-bandgap semiconductor films. Hybrid perovskite films may exhibit high photoluminescence quantum efficiency and good charge mobility, making them promising for electroluminescence applications. [191] [192] [193] One unique feature of perovskite emission is that the efficiency rises with increasing excitation level, which is different from that of the QDs or organic materials. Nevertheless, the stability issues of hybrid perovskite materials, for example, ion migration under a high electric field, need to be addressed to improve the LED lifetime. Room-temperature perovskite electroluminescence was first reported by Tan et al. in 2014 192 (Fig. 14B ). In the past two years, owing to the rich experience of interfacial engineering gained from other solution-processed LEDs, the EQEs of perovskite LEDs have improved dramatically, from 0.78% to 11.7%. 23, [192] [193] [194] [195] The key to achieving high-efficiency perovskite electroluminescence is integrating perovskite films with good emissive properties and full surface coverage into a LED structure, which can confine the injected charges within the perovskite layer to allow efficient radiative decay. For the 3D perovskite materials, such as MAPbI 3 and FAPbI 3 , the formation of perovskite films is known to be very sensitive to the surface properties of the underlying layers. Our group employed PEI molecules to modify the surfaces of ZnOnanocrystal films (Fig. 14C ). 193 This interfacial engineering approach provided a high-energy hydrophilic surface to facilitate formation of high-quality perovskite thin films. Furthermore, the PEI modification lowered the work function of the ZnO-nanocrystal films, improving electron injection into the hybrid perovskite films. These two merits substantially improved device performance, leading to perovskite LEDs with an EQE of B3.5% at a high radiance of 28 W sr À1 m À2 and a low voltage of 2.2 V. In a later work, the ETLs of PEI-modified ZnO-nanocrystal films were inherited by our collaborators, the Wang and Huang group. They introduced perovskite emitters with structures of self-organized multiple quantum wells (MQWs) to replace the 3D perovskite films (Fig. 14D) . 23 In the perovskite MQW films, the excited states were well confined in the lower-bandgap regions with excellent emissive properties, resulting in very efficient radiative decay. Together with the efficient electron injection provided by the PEI-modified ZnO ETLs, the MQW-based LEDs exhibited a record-high EQE of up to 11.7% and an exceptionally high power conversion efficiency of 5.5% at a current density of 100 mA cm À2 .
Recent developments of CTLs based on colloidal oxide nanocrystals for solution-processed solar cells
Organic solar cells
There has been a steady increase in the efficiencies of organic solar cells in the past decade. [196] [197] [198] [199] [200] Typically, organic solar cells rely on a BHJ structure, blends of electron donors and electron acceptors, to convert incident photons to separated charges. Developments of active layers by designing new materials, e.g. low-bandgap polymers and non-fullerene acceptors, and optimizing BHJ morphologies via various film-deposition methods have been the heart of organic solar cell research. 196, 199, [201] [202] [203] [204] As discussed in Section 2, CTLs influence all the elementary processes of organic solar cells. The improved device performance is also largely attributed to the evolution of device structures and interfacial engineering. Currently organic solar cells can be divided into conventional and inverted architectures according to the polarity of charge collection and the direction of charge flow. For both architectures, oxide CTLs have been extensively studied to improve both power-conversion efficiency (PCE) and long-term device stability. Here we focus on oxide CTLs deposited from nanocrystal solutions. We highlight that for the fabrication of top CTLs, oxide nanocrystals in alcohol solutions are highly desirable to minimize damage to the BHJ blends.
As wide-bandgap semiconductors with low work function, n-type TiO x and ZnO films were widely used in organic solar cells as ETLs. 60, [205] [206] [207] The first organic solar cell based on TiO x -nanocrystal ETLs was reported by Yang and co-workers. 208 In the early studies, it was shown that a high density of trap states in TiO x significantly affected device performance. 209, 210 To solve this problem, several strategies were proposed to modify the TiO x ETLs. 208, 211, 212 For example, Choy and co-workers demonstrated that electronic properties of the TiO x -nanocrystal films could be improved by incorporating metal (Au or Ag) nanoparticles. 212 Under 560-600 nm illumination, plasmon excited hot electrons in the Au nanoparticles were injected into TiO x films to fill the traps, resulting in significantly improved device performance. Doping TiO x nanocrystals was another effective strategy to improve the interfacial contact properties. For example, Cs 2 CO 3 has been used to dope the TiO x nanocrystals, resulting in increased film conductivity and better contact properties between the ETLs and the metal cathode. 208 In a follow-up work, Yang and co-workers systematically investigated organic solar cells using ETLs deposited from pure TiO x nanocrystals, Cs-doped TiO x nanocrystals and ZnO nanocrystals. 213 They found that even after UV illumination, the resistance of the device based on pure TiO x nanocrystals was larger than that of the devices based on Cs-doped TiO x and ZnO nanocrystals.
The most widely used ZnO nanocrystals in organic solar cells are synthesized via hydrolysis under basic conditions. These ZnO nanocrystals can be dispersed in alcoholic solvents and thereby can be used as either top ETLs in the conventional structure or bottom ETLs in the inverted structure. [214] [215] [216] [217] Jen and co-workers firstly employed ZnO nanocrystals to modify the ITO substrates and developed inverted organic solar cells with significantly improved environmental stability. 214 Ackermann and co-workers employed ZnO-nanocrystal films as top ETLs in a conventional structure and systematically investigated the relationship between the optical, morphological and electronic properties of the ZnO ETLs and device performance. 218 They suggested that the significantly improved device performance was mainly due to the hole blocking properties of ZnOnanocrystal ETLs in combination with the reduced contact resistance and interfacial recombination of photo-generated charges (Fig. 15A) .
Controllable doping generates ZnO nanocrystals with tuneable optoelectronic properties. In a recent work, Ackermann and co-workers reported a modified protocol for the synthesis of colloidal AZO nanocrystals. 215 Highly conductive AZOnanocrystal ETLs with low surface roughness were obtained even at a low annealing temperature of 80 1C. The highly conductive ETLs not only improved the compatibility of organic solar cells with large-scale solution processing but also opened new opportunities for efficient coloured solar cells. Colour tuning from green to yellow could be achieved by using AZO with different thicknesses as optical spacers.
In addition to single-junction organic solar cells, colloidal ZnO nanocrystals were also used to construct interconnecting layers (ICLs) and minimize loss of open-circuit voltage (V OC ) in tandem solar cells. 55, [219] [220] [221] ICLs are sandwiched by two organic solar cell stacks and act as the charge recombination zone. ICLs generally consist of a p-type HTL and an n-type ETL, serving to shift vacuum level via alignment of the Fermi levels. 205, 222 ZnO-nanocrystal layers with high conductivity can be obtained by low-temperature deposition procedures, which is desirable to minimize morphological changes of active layers used in bottom cells. By employing ZnO nanocrystal/PEDOT:PSS as the ICLs, Yang and co-workers demonstrated two-junction tandem solar cells with high PCEs of 8.6% and 10.6% (Fig. 15B) . 219, 221 In this tandem device, the V OC was close to the sum of V OC of two single junction cells with a negligible loss of B0.03 V. ICLs based on ZnO nanocrystals were also efficient for triplejunction tandem solar cells. By inserting two ICLs comprising ZnO nanocrystals, triple-junction polymer solar cells with a PCE of over 11% were fabricated. 223 Moreover, ZnO nanocrystals can form ideal ICLs not only with PEDOT:PSS but also with other materials, e.g. conjugated polyelectrolyte layers. Heeger and co-workers demonstrated a tandem device with a PCE of 8.6% based on the ZnO nanocrystals/conjugated polyelectrolyte ICLs. 224 Recently, a higher PCE of 11.3% was achieved by incorporating highly self-doped conjugated polyelectrolytes and ZnO nanocrystals as the ICLs. 225 Despite the success of applying colloidal ZnO nanocrystals in single-junction and tandem organic solar cells, a major challenge lies in how to control intragap states induced by surface defects. It has been reported that surface defects of ZnO nanocrystals caused significant photocurrent loss and degraded charge selectivity of the cathode interface. 226, 227 Prosa et al. showed that the release of oxygen chemisorbed onto the surfaces of ZnO nanocrystals under UV irradiation caused photo-induced shunts, resulting in reduced charge selectivity at the cathode interface. 228 This process represents an issue for the long-term photo-stability of organic solar cells. Riedl and co-workers showed that photo-induced shunting is a general phenomenon in neat and doped ZnO-based ETLs regardless of whether they are deposited from nanoparticle solutions or by vacuum deposition. 229 Several strategies to passivate the surface defects of ZnO-nanocrystal ETLs have been proposed. For example, Jen and co-workers introduced fullerene-based SAMs to avoid direct contact of ZnO nanocrystals with active layers (Fig. 15C ). 230 Coordination polymers such as poly(ethylene oxide) (PEO) and poly(ethylene glycol) (PEG) were also used to passivate surface defects of ZnO nanocrystals, leading to improved device performance. [231] [232] [233] So and co-workers showed that UV-ozone treatment efficiently passivated the defect states of ZnO nanocrystals, as indicated by the suppression of defect emission in the photoluminescence measurements. 227 In a recent work, we developed a facial EDT treatment to modulate the intragap states of ZnO-nanocrystal films. The covalent bonding of EDT molecules onto ZnO nanocrystals removed a large fraction of the surface defects and introduced a new intragap band, resulting in enhanced electron transport and minimized interfacial bimolecular recombination loss of the resulting solar cells. 19 In addition, the well-passivated ZnO nanocrystals were less susceptible to oxygen and water molecules and hence further improved the ambient stability of obtained devices.
HTLs based on high work-function and n-type oxide nanocrystals, such as MoO x and WO x , have also been explored for organic solar cells. 156, [234] [235] [236] For example, Lee et al. developed a facile approach to synthesize MoO x nanocrystals based on a microwave-assisted method. 234 The devices with MoO x -nanocrystal HTLs exhibited PCEs comparable to those of devices with PEDOT:PSS HTLs. In a recent report, low-temperature solutionprocessed WO 3 nanocrystals were employed as HTLs in organic solar cells by Brabec and co-workers. 235 The small WO 3 nanocrystals were stabilized in alcohol-based solvents. Smooth WO 3 -nanocrystal films were obtained after a mild thermal annealing process (80 1C for 5 min), making them compatible with conventional and inverted organic solar cells. HTLs based on V 2 O 5 nanocrystals and mixed-oxide nanocrystals of WO 3 and V 2 O 5 have also been introduced to improve the device performance. 236 It was shown that the mixed oxide nanocrystals could effectively suppress the leakage current and enhance optical absorption, resulting in more efficient and stable devices.
Solution-processed p-type NiO x films with high work function can function as hole transporting and electron blocking layers simultaneously in organic solar cells. 237, 238 Recently, we applied pure NiO nanocrystals synthesized by the ligand-protection strategy to the fabrication of HTLs. 25 UV-ozone treatment was used to remove the insulating surface ligands and increase the work function of NiO films (Fig. 16A-D) . The devices with NiO-nanocrystal HTLs exhibited an average PCE of 6.1%. In contrast, the average PCE for the devices with PEDOT:PSS as HTLs was 5.0%. In a recent report, Choy and co-workers reported a novel approach for the synthesis of nonstoichiometric NiO x nanocrystals. 24 After carefully controlled calcination (270 1C for 2 h) in air, the obtained dark-black NiO x nanocrystals were well dispersed in water to form a stable solution. Even without any post-deposition treatment, the HTLs based on NiO x nanocrystals offered a high work function of 5.25 eV, providing excellent contact for most donor materials in organic solar cells ( Fig. 16E and F).
QDSCs
Colloidal QDs are attractive for solar cells because of the unique combination of solution-processable characteristics, size-dependent electronic structure, excellent absorption in the visible and infrared region, and potential multi-exciton generation. [239] [240] [241] [242] In the early stages, QDSCs adopted the Schottky structure, in which QDs were sandwiched between ITO and a low-work-function metal, such as Al and Mg. [243] [244] [245] [246] However, the Schottky-structured devices suffered from low V OC due to Fermi-level pinning at the Schottky interfaces, as well as inefficient carrier collection because most of the photo-excitations occurred at the regions away from the junction side. The evolution of a Schottky structure to a depletedheterojunction device with n-type metal oxides as ETLs effectively increased the built-in electric field, giving rise to much improved device performance. 239, 247 In recent years, the PCEs of QDSCs have shown steady improvements (Fig. 17A ), owing to both surface engineering of QDs and optimization of oxide ETLs. 22, 241, 245, [247] [248] [249] [250] [251] [252] [253] [254] The structure of the device with the highest certified PCE of 10.6% is shown in Fig. 17B . For this device, ZnO-nanocrystal films were used as ETLs. 22 The compositions and surface coordination states of QDs, which heavily rely on the synthesis, purification and processing procedures, have significant impacts on carrier mobility, defect density, as well as doping density of the QD films. Exquisite modulations of synthetic and purification procedures are important for improving the performance of QDSCs. [254] [255] [256] Ligand engineering of QDs can effectively reduce defect density and suppress carrier recombination in the QD films, as well as tune the absolute energy levels. For example, halide ligands were explored for passivation of surface defects, leading to QD films with higher carrier mobility and thereby much improved device performance. 250 The Bawendi group showed that the ligand-induced surface dipoles could influence the absolute energy levels of QD films. 117, 251 This finding made it appealing to tailor the band energy alignment of the QD layers with carefully engineered ligands.
For heterojunction QDSCs, the n-type oxide layer is critical to determine the thickness of the depletion region in the QD layer, the built-in voltage, as well as electron extraction and transport. In the early stages, TiO 2 paste composed of nanocrystals with sizes of B20 nm and carrier density of B10 16 cm À3 was utilized for ETL fabrication. 241 A PCE of over 5% was achieved. Both the V OC and the short-circuit current ( J SC ) were enhanced compared to the device with Schottky structure. For the heterojunction QDSCs, the energy level offset between the conduction band of TiO 2 and QDs should be favourable to facilitate electron extraction from QDs to TiO 2 while avoiding excess loss of V OC . For example, the Sargent group studied QDSCs using two types of TiO 2 ETLs, one made from nanocrystals with an electron affinity of À3.8 eV and another one deposited by sputtering with an electron affinity of À4.0 eV. 257 The parameters of QDSCs based on nanocrystals and sputtered TiO 2 thin film were 0.7 and 0.61 V for V OC , 3.5% and 2.7% for PCE, respectively. Given that the electron affinity of QDs used in the devices is B3.6 eV, the authors suggested that the energy-level offset of 0.2 eV favoured electron injection from QDs to TiO 2 nanocrystal thin films. 257 For the sputtered TiO 2 thin film, the deeper TiO 2 band-edge compromised the V OC .
Interfacial recombination is an important loss pathway that may limit J SC and degrade device efficiency. 258 Sargent and co-workers showed that inserting a buffer layer of ZnO onto the surface of TiO 2 effectively reduced interfacial recombination, leading to remarkably improved device performance. 255 This work suggests that defect centers in TiO 2 are one limiting factor for device performance. This work also implies that ZnO may outperform TiO 2 in terms of suppressing interfacial recombination.
Currently the majority of the state-of-the-art high-efficiency QDSCs use solution-processed ZnO, e.g. ZnO-nanocrystal films, as ETLs. 20, 22 The relationship between the properties of ZnO-nanocrystal ETLs and device performance has been investigated by a number of studies. For example, in a QDSC with an inverted structure, effects of varying the doping density of the ZnO-nanocrystal films by illumination were explored. 256 Under UV illumination, the absorbed gas molecules, for example O 2 , on the surfaces of ZnO nanocrystals were removed, resulting in enhanced doping density. Consequently, an additional portion of the depletion region was formed within the hole accepting PbS layer. These effects led to a transition from excitonic behavior to p-n behavior in the device, leading to enhanced charge generation and extraction. In another work, Azmi and co-workers applied the EDT surface passivation method developed by our group to the ZnO-nanocrystal ETLs used in QDSCs. 259 They confirmed that the intragap trap states originating from the notorious oxygen-deficient surface states of the ZnO nanocrystals were effectively removed after the EDT treatment. This treatment suppressed interfacial charge recombination at the QD/ETL heterojunction and the PCE was improved from 9.45 to 10.26%. Very recently, Kim et al. showed that addition of organic molecules with strong dipole moment decreased the work function of the ZnO layer, giving rise to increased built-in voltage and better device performance. 20 As a result, a remarkable PCE of 10.7% was obtained.
Perovskite solar cells
Metal halide perovskite solar cells have attracted worldwide attention in recent years due to their high efficiencies and low processing cost. [260] [261] [262] [263] [264] [265] [266] Owing to the rapid developments of perovskite materials, film deposition and processing and interfacial engineering, the efficiencies of perovskite solar cells have rocketed from the first reported 3.8% to a certified 22.1% over the past few years. Some recent works, such as using cesium ions along with formamidinium cations in lead bromide-iodide cells and two-dimensional Ruddlesden-Popper perovskite solar cells, have shed light on addressing critical factors of thermal-and photo-stability under operating conditions. 267, 268 Initial studies of perovskite solar cells focused on a device structure similar to dye-sensitized solar cells with mesoporous TiO 2 or Al 2 O 3 as the scaffolds. 6, 269 High temperature (450-500 1C) sintered compact TiO 2 layers were often used. Further investigation revealed that perovskite materials exhibited ambipolar charge transport and long charge diffusion length, resulting in the success of perovskite solar cells with simplified planar heterojunction (PHJ) structures, in which the perovskite layer was sandwiched between ETL and HTL. [270] [271] [272] [273] Various CTLs developed for other solution-processed optoelectronics were demonstrated to be suitable for perovskite solar cells. Among them, CTLs based on colloidal oxide nanocrystals showed great potential. Depending on selective charge extraction and transport properties of the bottom contacts, the PHJ solar cells can be further divided into two sub-categories, conventional (n-i-p) and inverted (p-i-n) structure. 274 In this section, we will discuss a few relevant examples.
The first PHJ perovskite solar cell developed by Snaith and co-workers was based on high-temperature-sintered compact TiO 2 ETLs by gradually decreasing the thickness of Al 2 O 3 scaffolds used in mesoporous devices. 6 By employing highconductivity yttrium-doped TiO 2 nanocrystals as ETLs, Yang and co-workers demonstrated one of the most efficient planar devices based on TiO 2 ETLs. 263 The yttrium doping increased the conductivity of TiO 2 -nanocrystal films from 6 Â 10 À6 to 2 Â 10 À5 S cm À1 and significantly improved charge transport in the devices. By further reducing the work function of ITO substrates with PEIE and controlling the humidity of the annealing atmosphere, planar devices with the best PCE of 19.3% and an average PCE of 16.6% were obtained. In addition to TiO 2 nanocrystals, ZnO nanocrystals were also employed as ETLs in conventional planar perovskite solar cells. Liu et al. first introduced ZnO nanocrystals as the ETLs for the fabrication of efficient perovskite solar cells at low temperatures (Fig. 18A ). 275 Highly conductive crystalline SnO 2 and Zn 2 SnO 4 (ZSO) nanocrystals were also used as efficient ETLs in conventional PHJ perovskite solar cells. 276, 277 For example, Rao et al. employed SnO 2 nano-colloids to deposit ETLs for PHJ perovskite solar cells. 278 Compared to the TiO 2 , the SnO 2 ETLs exhibited higher mobility, resulting in improved photocurrent and device performance. Recently, Seok and co-workers fabricated PHJ perovskite solar cells by employing ETLs deposited from highly dispersed ZSO nanocrystal solutions. 277, 279 A relatively low temperature (100 1C) was sufficient to obtain ZSO-nanocrystal films with high electron mobility. Moreover, due to its low refractive index, the insertion of the ZSO layer further improved the transmittance of substrates in the visible regions. Based on the high-quality ZSO ETLs, flexible perovskite solar cells with a PCE of B15% were achieved. 277 By further tailoring the energy level and electron transporting properties of ZSO ETLs using nanocrystals with different sizes, the loss of photogenerated electrons was further reduced. An improved PCE of B16% was achieved for the devices based on flexible substrates. 279 Currently a critical issue at the interfaces of oxide/perovskite is the lack of control over the sensitive surface states of the oxide nanocrystals. For example, it was shown that oxygen vacancy due to the light-induced desorption of surface absorbed oxygen in TiO x films accounted for poor stability of TiO 2 -based devices. 280 For devices based on ZnO ETLs, surface hydroxyl groups and acetate ligands at the surfaces of oxide nanocrystals may cause unwanted reactions with perovskite films, degrading the stability of perovskite solar cells. The intragap states of the oxide-nanocrystal films can lead to charge accumulation at the cathode interfaces and generate anomalous hysteresis in the J-V curves. 281, 282 Further efforts are necessary to investigate the surface passivation of oxide-nanocrystal ETLs for perovskite solar cells.
To solve the hysteresis issue of perovskite solar cells, one feasible approach is to use the inverted planar device structure (p-i-n structure). It was shown that fullerene-based ETLs with no dangling bonds or surface states, such as (6,6)-phenyl C 61 -butyric acid methyl ester (PC 61 BM) and indene-C 60 bisadduct (ICBA), could efficiently suppress hysteresis, leading to improved device performance. 283 However, the PC 61 BM films cannot form stable contact with the low-function metal electrodes. Inserting additional buffer layers between PC 61 BM and the cathode electrodes was essential to improve the device efficiency and stability. Snaith and co-workers firstly modified the cathode interface with a TiO x layer to fabricate air-stable inverted PHJ perovskite solar cells. 284 However, the obtained devices needed to be activated under constant light illumination for several minutes to obtain high PCEs. Moreover, the annealing temperature of B130 1C for TiO x films caused decomposition of the underneath perovskite layer. To preserve the superior electronic properties of perovskites, we introduced room-temperature deposited ZnO-nanocrystal interlayers between PC 61 BM and metal electrodes (Fig. 18B ). 17 The obtained devices exhibited a significantly enhanced PCE of 15.9% and excellent air stability, while the control devices without ZnO-nanocrystal layers degraded utterly after exposure in air for 30 min (Fig. 18C ). In addition to ZnO, highly conductive AZO-, ZSO-or SnO 2 -nanocrystal films were used to achieve thicker buffer layers between PC 61 BM and metal electrodes. [285] [286] [287] Moreover, it has been demonstrated that thick oxide-nanocrystal films were effective in terms of protecting the underneath perovskite films during the sputtering process of the ITO electrode. Therefore these oxide nanocrystals can be used to fabricate perovskite tandem solar cells. 288 One important direction in inverted perovskite solar cells is to achieve stable anode contact by replacing hygroscopic PEDOT:PSS with stable metal oxides. Examples include p-type metal oxides, such as CuO x and NiO x , and n-type metal oxides, such as WO x and MoO x . [289] [290] [291] [292] [293] It should be noted that processing of perovskite films on these metal oxide films requires careful control due to the fact that complicated interactions between these metal oxides and perovskites often lead to poor film quality. In many cases, a fast crystallization process induced by anti-solvent quenching was found to be beneficial in terms of obtaining high-quality perovskite films. Up to now, NiO x is the most widely investigated HTL in inverted perovskite solar cells. In a recent work by You et al., inverted PHJ perovskite solar cells with NiO HTLs and ZnO-nanocrystal ETLs were fabricated (Fig. 18D ). 294 These devices showed significantly improved stability against water and oxygen degradation, i.e. less than 10% degradation even after 6 days storage in air without encapsulation. NiO HTLs can also be deposited from nanocrystal solutions. 295, 296 The devices based on NiOnanocrystal HTLs exhibited high reproducibility with the best PCE of 17.6% and an average efficiency of 15.8%. The low processing temperature of the NiO-nanocrystal HTLs enabled the fabrication of flexible perovskite solar cells with a promising PCE of 14.5%.
Conclusions and prospects
Colloidal oxide nanocrystals offer a unique combination of excellent low-temperature solution processability, rich and controllable optoelectronic properties and intrinsic stability, which spurred their applications as CTLs for solution-processed solar cells and LEDs (Fig. 19 ). Fully exploiting the potential of CTLs based on oxide nanocrystals relies on both in-depth understanding of how the properties of CTLs impact device operation, some of which is currently unknown, to guide material design and on-demand development of material chemistry for colloidal oxide nanocrystals, some of which is currently unavailable, to allow processing of CTLs with desirable properties. The following aspects shall be paid more attention to in future research.
(i) Ligand chemistry of colloidal oxide nanocrystals. Knowledge of the ligand chemistry of colloidal oxide nanocrystals is surprisingly scarce despite the fact that surface tuning and modification are imperative for their CTL applications. As-synthesized oxide nanocrystals are often ill-suited for CTL applications. For example, weak-binding ligands used to stabilize oxide nanocrystals in solutions tend to dissociate from the nanocrystal surfaces during film processing and device operation, leaving unpassivated surfaces. The high-reactivity surfaces of oxide nanocrystals make the properties of CTLs very sensitive to environments, processing and operational history, which may deteriorate device stability.
We suggest that ligands with strong anchoring groups to facilitate their tight binding onto surfaces of oxide nanocrystals shall be used to lower surface activity and improve stability of the CTL films. The concept of entropy ligand is likely to be a key guideline to meet the demands of both stability of colloidal oxide nanocrystals in solution and charge transport of their corresponding CTLs. It is also possible to further modify the properties of oxide-nanocrystal CTLs by judicious molecular design of functional ligands.
Currently, establishing a link between surface structure of oxide nanocrystals and electronic/transport properties of the corresponding CTLs remains a crucial open question in this field. We highlight that investigations on ligand chemistry may provide unique opportunities to achieve complete surface passivation of the oxide nanocrystals, providing powerful tools to understand and manipulate the intragap states of the corresponding oxide CTLs. Techniques that have been successful in characterizing the intragap states of other semiconductors, such as thermal admittance spectroscopy, deep-level transient spectroscopy, drive-level capacitance profiling and photothermal deflection spectroscopy, may be useful in quantifying the intragap states of the oxide-nanocrystal CTLs.
(ii) Synthetic chemistry of p-type oxide nanocrystals. Up to now, the synthesis of NiO nanocrystals is one of the few examples for p-type oxide nanocrystals applicable as HTLs. Synthetic chemistry of NiO nanocrystals is not as mature as that of n-type oxide nanocrystals. Our studies indicated that the extinction coefficient of NiO-nanocrystal films was about one order of magnitude larger than that of other oxide-nanocrystal Fig. 19 Relationship between the chemistry of colloidal oxide nanocrystals, processing and properties of CTLs and device performance of solutionprocessed LEDs and solar cells. CTLs, such as ZnO-nanocrystal films, which may cause unneglectable absorption of photons. More exquisite control over the band structure, carrier density, intragap states, stoichiometry and optical properties of the NiO-nanocrystal HTLs shall be pursued in the future. It is also of interest to develop the synthetic chemistry of other p-type oxide nanocrystals, such as the ternary Cu(I) delafossite oxides.
(iii) In-depth understanding of interactions between oxidenanocrystal CTLs and active layers. Detailed mechanistic studies on interactions between oxide-nanocrystal CTLs and active layers under operational conditions are lacking despite the extensive practice of applying oxide nanocrystals as CTLs in solutionprocessed LEDs and solar cells. For example, quenching of excitons formed in the QDs by the adjacent oxide CTLs has been identified as one critical factor that limits device performance. However, quenching mechanisms under operational conditions have not been fully disclosed. In our laboratory, preliminary studies on the photoluminescence of QDs in contact with oxidenanocrystal films showed that several quenching mechanisms, including photo-induced charge separation and charging of QDs due to interfacial charge transfer and energy transfer, were involved depending on the properties of both CTLs and QDs. Moreover, electric field and electric current should be taken into consideration when interpreting the quenching mechanism under electrically driven conditions. For instance, the electric field in the QD layer can modify the radiative recombination rate through spatial separation of the electron and the hole. Multiple techniques, including single-dot photoluminescence or electroluminescence spectroscopy, electrostatic force microscopy, transient-absorption spectroscopy and in situ photoluminescenceelectroluminescence spectroscopy, should be combined to gain more comprehensive and rigorous understanding and to provide guidelines to exquisite design of oxide-nanocrystal CTLs beyond the state-of-the-art.
In summary, there is still plenty of room to boost device performance by developing new material chemistry of colloidal oxide nanocrystals and custom-tailoring the properties and processing of CTLs. These efforts shall lead to a new generation of high-performance and all-solution-processed solar cells and LEDs with both ETLs and HTLs based on colloidal oxide nanocrystals, which may revolutionize the current LED and solar-cell industry based on vacuum-deposited crystalline semiconductors. Furthermore, such knowledge can be transferred to the research of other solution-processed devices, such as contact engineering of solution-processed field-effect transistors.
